Effects of variation of fundamental
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The possibility for the fundamental constants
to vary is suggested by theories unifying grav-
ity with other interactions.

Fine structure constant o = e2/Fe,
e -electron charge, ¢ -speed of light.
Quark mass mg/Strong interaction scale Agcp.

The search goes in:

(1) Quasar absorption spectra (QAS)
(2) Big Bang Nucleosynthesis (BBN)
(3) Oklo natural nuclear reactor

(4) Atomic clocks

Constants Result
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Some special “tuning” of fundamental constants is neeeded

for humans to exist.

Example: low-energy resonance in carbon production

reaction in stars:

iHetAHe+4 He="2C

Different coupling constants — no low-energy resonance —#

no carbon — no life.

Variation of coupling constants in space could provide a nat-
ural explanation of “fine tuning”: we appeared in area of the
Universe where values of fundamental constants are consitent

with our existence.
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Many-Multiplet Method

Relativistic correction to electron energy E,,:

1
$112

1. Increases with nuclear charge Z.
2. Changes sign for higher angular momem-

tum 7.
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UVES QSO Sample 2004

Wilfred Walsh, John Webb, Victor Flambaum
wwalsh@phys .unsw.edu.au

UNIVERSITY OF NEW SOUTH WALES
SYDNEY AUSTRALIA

UNSW, September 2004




Results:
1998-2003, Keck telescope, Hawaii, red shift 0.2 < 2z < 4.3,
143 absorption systems, 23 transitions,

3 independent samples:
da _ (—0.543 +0.116) - 1073

i 3
Statistical significance 4.7 ¢ from zero.

2004, VLT-UVES, Chile (different hemisphere), red shift
04 <z<28
full sample, 74 systems %‘ = (—0.020 £ 0.092) - 11
clean sample, 52 systems %‘ = (—0.004 £ 0.098) - 107°
Strianand et al sample, 23 systems %ﬂ‘ = (—0.06140.126)-107°
VLT: %] < 0.110 Zero!
Too large scatter, more realistic preliminary result
% = (—0.05+0.29) - 107

Other groups results from VLT-UVES:

Strianand, Chand, Petitjean, Aracil (2004), 23 systems, 12
transitions, 0.4 < z < 2.3:
fa — (—0.06 £ 0.06) - 10~°
Quast, Reimer, Levshakov (2004): 1 system, Fe II only, 6
transitions, z = 1.15:
i—“ = (=004 0.19 £ 097z )+ 1077

Difference between Keck and VLT data:
Undiscovered systematic effect?
Spatial variation of a7




C. L. Steinhardt, Phys. Rev. D, 71, 043509
(2005):
It might be spatial variation!

Srianand et al use data from Southern Hemi-
sphere only

{—)Sgum = (—0.06 4+ 0.06) x 10~ °
Murphy et al use both:

{—)Smuth — (—0.36 £ 0.19) x 107°

A
(Y ioah = (—0:66 £0.12) X 10~5
¥

25
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Measurements of m./myp ~ me/Agcp

Tsanavaris,Webb,Murphy,Flambaum,Curran
Phys.Rev.Lett. 2005

hyperfine 21 cm H/optical
Mg,Ca,Mn,Ti,C,Si,Zn,Cr,Fe,Ni

8 quasar absorption systems, 0.24 < z < 2.04
Measured X = a?gpme/myp

0X — (1.17 £1.01)10-5

dnX — (-1.43+1.27)10715/year

No variation.

Combined with measurements of a-variation
‘*{(;‘jﬁ;f’}} = (2.31 4 1.03)10~°

5{(;??;‘;*}} — (1.29 + 1.01)105

Recent result based on H, measurements
Reinhold,Bunning,Hollenstein,Ivanchik, Petitjean,
Ubach 2005.

me/mp) _ (_2 4+ 0.6)10~5

(mefmp} o
Variation 40!

27




ﬁh\_ﬂ syprh al- h_—

52 6
; wre Ve N .
6—01 X (80°0 F¥€£'0—) = (v /o)y ©
501 X (€00 F 08'0—) = Frmi |

(v /g A%01 X LT = "4V

?Eﬂu T Idd MD#N_..ND:__".._L_”_..“.._L _xm‘_ﬂﬁ__._._:m 4 PUE WNEqWE|H "A

A® ¢ 0T X (SF8S—) ="AV ‘T

A2 ¢ 01 X (GFGET—) ="V 'I

a7 uolnsod

9JUBUOSaS 3yl Jo 23Bueyd Iyl IO SUOIIN|OS OM |

O e x%%._

'UQI19S-SS04D WIS oy WG o, + U

(4002)Tdd 8v0605£0/Y3-1onu ‘uosiafio] [ pue xeaioweT] ‘G
4032e3aJ Jea|dnu |eanjeu n___v_o




LABORATORY EXPERIMENTS -
ATOMIC CLOCKS

There are two types of atomic clocks:

1. Microwave (e.g. 33Cs, 6s hfs F=3 - F=4 transition
serves as definition of metric second; also Rb, YbT,
etc.).

2. Optical (Ca, Sr, Hg 1S5,—3P;, etc.)

Comparing rates of different clocks allows to
study variation of fundamental constants.

Advantages:

1. Very narrow lines, sensitivity in 22 up to 107® per
year.

2. Larger Z, g up to 60000 cm™1,

3. Simple interpretation (é/c |t=today)-

28




| Op'fr'nr/ atonmue cloek s

TABLE II: Experimental energies and calculnted g coeficients
for transitions from the ground state to the state shown.

e
AtomTon 2 Stata Wavalength, A g (em™') Reference
Experiment
ALIL 13 33 apy 26T4.30 148 13
s3p 'R 204555 1 f13
lp Py 2661.15 343 3
da3p A 1670.79 278 [
Cal 20 dsdp 'R 658722 125 [l
dsdp 'R B574.60 180 [12
alp R 529,18 204 [12]
adp 'R 4227.92 250 |12
Srl 3 Sap R 6984.45 443 [12]
S5:5p R G504.48 642 12
Sshp Py 6712.06 104 f12]
Ss5p 'R 460862 24 [13

8rll =M 44 Dy, 687007 2628 [
ad Dy BTADDS nTe (9]

Inll 49 55 R 6546 3787 [12]
balp P 2306.86 A8 LE:
Ssip 'R 218212 TTRT F:]
T 1588.45 G467 1

Ball 5 5d Dy 2004474 5844 [13]

8 IDyy 1762170 58THE 13|

Dyl 66 45'%d6s *[10{,0  5051.03 BODE L4]
4f'5d%s "R BOSLOB -ZAT0R (14

bl 70 Bafip e = 5TRL.21 T4 iz
Gabp P 555802 dsar [z

Bebp 2Ry S0T34T 5883 13

Belp. 'R 399 11 4851 [y

YoIl 7O 4f"sd Dy, 435525 B 14 [14]
dfitsd 1By, 410970 WA [4f

dfidggt p . 4668.81 58737 [14)

YRII 70 4/9sd 3R/ A 63 -ITE0 [14]
Hgl &80 6efip R 2656.39 15289 [v2f
Gafip R 253728 17584 [12]

Gfp 'R Z270.51 24905 [12]

datip 'R 1849.50 2a78m [12]

HEIl 80 5d4%s" 90, 818,70 -566T1 |3
sd'ts? %Dy, 187EAG 44003 H

TIOD 8 66 7 I .20 16267 (13
T R 1ET2.90 1R84S [

G 'R 16:20,09 33268 [12]

Gsfp Py 1322.75 20418 3

Rall 88 6 ‘*Dyn 827518 18785 [13]
Bd  *Dpy  TITEST 17941 (13




Atomie Clocks and Constraints on Variations of Fundamental Constants ] 2003

Table 99.1. Relative sensitivity of the hyperfine relativistic factors to the variation of o (parameter <} and nuclear
magnetic moments on the variation of the quark mass/strong interaction scale m,/Agop (parameter ) for atoms
involved in microwave standards,

Z Atom & 6]

1 'H 0.00 -0.100
1 *H 0.00 -0.063
37 %Rb 0.34 -0.074
48 11¢d+ 06 -0.117
55 13Cs 0.83 0.127
70 1YHt 15 D117
80 %Hgt 23 -0.117

Using parameters k and beta we can present dependence of
the microwave standards on the fundamental constants:
dlnf IV

ot ot
V il s vt o (4 (99.6)

my Agep

In comparison of two microwave standards the factors cRo
and m./m, are cancelled out. However, in comparison of
optical and microwave standards the factor m./m, survives.
Its dependence on the fundamental constants is the following

Oln e = §ln[-¢ . (4 _y-0048) (99.7)

mp ﬂQCD !ﬁLQ{jﬂ

We may assume that the electron mass and all quark masses
have the same relative variation . This assumption seems to be
natural if the Higgs mechanism of mass generation is correct.

(99.5)




Comparing atomic clocks one can study:

Atomic optical /optical a?
optical /hyperfine a?, meq/Noco
hyperfine/hyperfine " "
Molecular hyperfine/rotational
hyperfine/A-doubling
rotational /optical

Experiment %%“5(10_15/3#&3&
Marion et al 2003 %}E—E} (0.05 + 1.3)@
Bize et al 2003 Hg;‘fﬁg) (—0.03 + 1.2)¢
Fisher et al 2004 ,5'5(‘(’% (—1.1 4+ 2.3)°
Peik et al 2004 Y2o{PD  (_0.2+20)
Bize et al 2004 %ﬁ% (0.1 +£1)e

@ assuming mg/A = Const.

Combined results:
Oa — (—0.9+2.9) x 10~15yr-1

aln(mf{;ﬁgfmj = (—4£10) x 10~ 15yr-1
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There is a possibility of 1010 times enhance-
ment due to "degenerate” energy levels of dif-
ferent nature! Example: Dy atom.

1. 4f105d6s, E; = 19797.96... cm~1

2. 4f95d%6s, FE5 = 19797.96... cm™1

Interval w= E» — E; ~ 1074 cm~1 ~ 1079E;.

q=6000 e
E, |

q=-23000 cm!

FAYs"
w=wo+ (a1 - 2)25% =
& ?
=104 cm~! 4+ 60000 cm—12%
X

Aw Aw
_w“(l year) ap ~ T(l[]m Vears)astro
Preliminary result: UC Berkely

1202) < 4.3 x 10~ 15yr-1
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CONCLUSIONS

BBN/CMB data may be interpreted as varia-
tion of my/Agep.

MM method provided sensitivity increase ~100

times. Many lines, positive and negative shifters
- control of systematics.

Keck data- 3 independent optical samples, 143

systems- variation of a.

VLT data- no variation.

Undiscovered systematics or spatial variation?

me/mp: 21 cm H/optical- no variation;
H, (Paris-Amsterdam-Peterburg)-variation!

Oklo data: variation of my/Agop 17

- Atomic clocks are very sensitive to present
time variation of a and my/Agcp. Transition
between close levels - a billion times enhance-
ment.
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